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Chapter 1 
Solar Eruptions and Interplanetary Space 
1.1. The Sun and its Atmosphere 
The Sun is the only star which is close enough to observe details of its surface such as 
sunspots, prominences, flares, coronal hole etc., which are all summarized as solar 
activity phenomena. 
The Sun is the driving factor for the climate on the Earth and the structure and shape 
of the earth's magnetosphere thus determining and influencing the near earth space 
environment. 
The atmosphere of the sun consists of three distinct regions; the relatively dense, 
opaque lower layer called the photosphere and the increasingly rarified and transparent 
extended regions called the chromosphere and the corona. 
The Sun's atmospheric layers overlying the visible disk the photosphere, the 
chromosphere and corona are all three atmospheric layers visible in fig.1.1. 
1.2. The Solar Wind 
The earth atmosphere is stationary and shaped by equilibrium between incoming solar 
radiations and outgoing terrestrial radiations. But the situation is different on the Sun. 
The solar atmosphere is not stable and very hot but entire heliosphere filled by solar 
wind. 
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Fig. 1.1: Structure of Sun and its Atmosphere 
The Sun continuously emits a flow of charged particles or plasma from the 
corona, the solar wind (Gazis, 1996, Schwenn, 1990: Schwenn and Marsch, 1990). It is 
supersonic with a speed of about 400 km/s, it fills a region in interstellar space, the 
heliosphere (fig. 1.2), and occupies distance of about lOOAU. The solar wind carries the 
solar magnetic field out into the heliosphere, the magnetic field strength of some 
nanoteslas reaches to the earth orbit. A plasma parcel travels from the Sun to earth 
roughly with in four days. Two distinct classes of plasma flows are observed the fast and 
the slow solar wind (Schwerm, 1990). 
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Fig.1.2: Solar wind expansion in heliosphere 
The fast winds: The fast solar wind originates in the coronal hole, the dark parts of tlic 
corona dominated by open field lines. Fast solar wind streams are often stable over a long 
time period and variations from one stream to another are small. The fa?^ ( solar wind has 
flow speeds between 400 krn/s and 800 km/s, the average density is low about 3 ion/cm^ 
at lAU. The average particle flux is about 2x lO'^/sW, implying a total particle loss 
from the Sun of ahoiit L3x]0^'/s. The proton temperature is about 2xlO^K and the 
electron temperature is abou;; J x 1 O^ K. 
The slow solar wind: The slow solar wind has lower speeds between 250 km/s and 400 
km/s. Its density is about 8 icns'cm at lAU, and the flux density is about twice as large 
as that in the fast solar wind. During solar minimum the slow solar wine "triginates from 
regions close to the cun\?rii s'"c-et at the heiiornagnetic equator. During solar maximum 
the slow solar wind ori^ ii;=ie.- above the active regions in the streamer. Compared with 
the fast solar wind, i' is h'::ily varia-lc and turbulent, often containing large-scale 
structures such as magnetic clouds or shocks. The proton temperatures are markedly 
lower, about 3x lO'^ K, while the ion temperatures are similar to fast solar winds. The field 
lines of slow solar wind are more curved than faster one (Kallenrode. 1998). 
Ulysses, launched in 1990, was first spacecraft to explore the third-dimension of the 
heliosphere. It orbits the Sun nearly normal to the ecliptic plane at a distance between I-
5AU (Balogh et al., 2001). The measurement of the solar wind speeds during Ulysses 
first and second orbit around the Sun, which included a gravity assist maneuver at Jupiter 
to reach the higher heliographic latitudes, are displayed in fig.l .3. 
The special features of the solar wind are coronal mass ejections. Here the speed is of 
the range 400 km/s to 2000 km/s and the composition is significantly different, in 
particular, up to 30% of the ions can be a-particles, and even Fe'^ ^ or He^  can be 
observed occasionally. 
Fig.1.3. Solar wind structure in the 3-D heliosphere near solar minimum (left) and 
solar maximum (right) as measured with the Ulysses spacecraft at distances to the 
Sun between 1-5AU during the first two orbits around the Sun in 1992-2003. 
1.3. Sunspots and Solar Cycle 
Although isolated records can be traced back to the ninth century, but systematic 
observations of sunspots were started only after the development of the telescope early in 
the seventeenth century. The variability of shape, location, and number of sunspots was 
recognized early; however, owing to the Maunder minimum, a period of very low solar 
activity in the seventeenth century, the solar cycle was recognized only in 1843 by H. 
Schwabe. 
In the fig. 1.4: the Sun in white light shows sunspots and fig. 1.5 shows sunspots 
with granules. 
Sunspots 
Fig. 1. 4: The Sun in white light, showing sunspots. 
At the solar minimum, the Sun is almost spotless. These spots start to appear at 
latitudes around 30°. These spots are relatively stable and often can be observed over a 
couple of solar rotations. They move towards the solar equator while at higher latitudes 
new spots appear. The number of sunspots increases until the solar maximum. 
Afterwards, only a few new sunspots emerge while the sunspots at low latitudes dissolve. 
The total number of sunspots decreases until just after the solar maximum when new 
sunspots begin to emerge at higher latitudes. The average duration of such a sunspot 
cycle is 11 year. The solar field reverses its polarity once around solar maximum. Thus it 
takes 22 years for the original polarity pattern to be restored. This 22-year cycle also is 
called the Hale cycle or the solar magnetic cycle (Kallenrode, 1998). 
Fig. 1.5: Sunspot with surrounding granules 
1.4. Coronal Mass Ejections 
Coronal mass ejection (CME) is violent manifestation of solar activity, and related to the 
solar magnetic field, sunspots and filaments. The energy released in these processes had 
been stored in the field. With the help of a coronagraph, the corona can be observed 
continuously. Basically, a coronagraph is a telescope with a powerful screening off the 
direct photospheric emission. 
Fig. 1.6: Structure and evolution of CME seen on 4*'' Jan 2002 
The most striking feature in records of coronagraph images is coronal mass ejection. 
A CME is a bright structure that propagates outward through the corona. Fig. 1.6 
represents evaluation of CME. The basic features of CMEs can be summarized as follows 
(see Munro et al., 1979) and 
Solar cycle dependency: During solar maximum, about two CMEs can be observed 
daily, whereas during solar minimum one CME can be observed in a week (Webb, 
1991). This is not so surprising because in general CMEs observed in connection with 
filaments and also with flares which both depends upon solar cycle. 
Latitude distribution: Coronal mass ejections are distributed evenly on both 
hemispheres, the average latitude is 1.5°N. Their distribution is uniform within ±30° 
and decreases fast towards higher latitudes. The maximum no of sunspots and flares 
are found in the ±30° latitudinal region. 
Width: The projected widths of CMEs show a distribution of an average of about 46° 
and a median is of 42°. CMEs smaller then 20° and greater then 60° are rarely found. 
The angular extent is found more then 120°. The width of CMEs found independent 
of solar cycle. 
Speed: The range of CMEs starts from few tens km/s up to200 km/s with an average 
of about 350 km/sand a median at 285 km/s. The speeds of CMEs do not depend on 
solar cycle. Slow and fast CMEs shows different patterns of energy release. 
Kinetics: During a CME between 2x lO'"* g and 4x lO'^g coronal material is ejected; 
the kinetic energy contained in a CME is in between lO^^ J and lO^^ J. 
Note that all the geometrical quantities discussed above are apparent quantities only; 
while the CME is a three dimensional structure, its image is only two dimensional 
projections into a plane perpendicular to the Sun earth axis. Thus the size and speed can 
be measured. In particular, if the CME propagate directly toward observer, its extent and 
the speed can not be observed. It becomes so difficult to detect because it becomes visible 
as a halo only around the Sun. 
1.4.1. CME Initiation 
Stressed magnetic fields are observed before the onset of the eruption, indicates that the 
needed energy to drive the eruption must be provided through the magnetic field. The 
current CME initiation models can be defined as "storage and release" models (Klimchuk 
2001). An important common aspect of the different CME initiation models is the 
presence of magnetic flux rope structures, being either present before the eruption takes 
place (first model group) or created during the eruption as a consequence of magnetic 
reconnection (second model group). The reason for assuming that magnetic flux ropes are 
a key feature of CMEs is (i) the link between CMEs and erupting prominences which are 
believed to possess some amount of twisted magnetic field, (ii) the appearance of helical 
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structures in images of erupting prominences and CMEs, and (iii) the correlation between 
ICMEs and MCs. Reviev/s of CME initiation mechanisms can be found in papers by Low 
(2001) and Forbes et a!. (2006). 
The first group of models assumes that a flux rope exists prior to the eruption. The 
analytical flux rope model of Titov and Demoulin (1999), which was proposed to explain 
flares and CMEs, was numerically studied in the context of CME initiation (Roussev et 
al., 2003). The initial flux rope is suspended in the corona by a balance between magnetic 
pressure and tension forces and a highly twisted field at the surface of the flux rope is 
needed in order to produce the eruption. The evolution of a twisted magnetic flux rope 
from below the photosphere into the corona was numerically simulated by several 
authors, (e.g.. Fan and Gibson, 2007). The evolution of the flux rope is at first quasi-static 
and then undergoes a dynamic transition, driven by reconnection processes. 
The second group of models based on the existence of sheared magnetic arcades, 
which become unstable and erupt once some critical state is reached in the solar corona. 
In contrast of previous class of models, a flux rope does not exist prior to the eruption, 
but is formed in the course of the erupfion by magnetic reconnection. The shearing 
motions are often combined with a process of flux cancellation (Titov et al., 2008). In this 
class of CME models a flux rope is formed by reconnecting the opposite polarity feet of a 
sheared magnetic arcade. In these models the reconnection takes place at the photosphere 
or near the base of the solar corona. 
Another popular model is the breakout model in which explain solar eruptions 
(De Vore and Antiochos, 2008). In this model the erupfion is also triggered by magnefic 
reconnection, but here the reconnection process occurs in a current sheet located above 
the sheared arcade (Watermann et al., 2009). 
1.4.2. CME and ICME Evolution 
Hliospheric disturbances were often modeled by driving the inner boundary conditions 
placed upstream of the critical point of the solar wind (at > 2OR0), e.g., Vandas et al. 
(2002). These models provide basic physical insight into how large solar disturbance 
propagate and interact with the large-scale solar wind. 
Wu and Dryer (1997) studied the relationship between various forms of transient 
solar activity (as simulated through pressure or density pulses near the solar surface) and 
also variations of the IMF north-south component at lAU assuming different 
hejiospheric current sheet configurations. Dryer et al. (1997) performed a 3-D MHD 
simulation of the propagation of the April 14, 1994, ICME from I8R0 to more than 3.2 
AU (the location of the Ulysses spacecraft at the time it detected the ICME). They found 
good agreement with spacecraft observations but the inner boundary conditions were 
essential unknown and gives different interpretations. 
A 3-D CME propagation model is the theoretical model of Gibson and Low 
(1998). This analytical model was used as a CME generation mechanism in numerical 
simulations (Lugaz et al.,, 2005), in which the dynamics of the CME are followed as it 
interacts with a bimodal background solar wind. The 12 May 1997 CME event was 
numerically simulated by Odstrcil et al. (2005), who tried to reproduce the plasma 
parameters near the Earth. In this model the inner boundary is placed at 0.14 AU, and the 
ambient solar wind is derived from coronal models utilizing photospheric magnetic field 
data, and also the transient disturbances are derived from geometrical and kinematics 
fitting of coronagraph observations of CMEs. 
Sokolov et al. (2004) simulated the time-dependent transport and diffusive 
acceleration of particles at shock waves driven by CMEs. The geo-effectiveness of a 
CME event was simulated by Ridley et al. (2006), who investigated the magnetospheric 
and ionospheric response to a very strong interplanetary shock associated with a CME. 
These numerical simulations were able to reproduce many general features of 
CMEs seen in observations. In a recent simulation, Lugaz et al. (2008) have pointed out 
the need to combine both numerical simulations of CME events with observational data, 
in order to obtain a correct interpretation of the measurements (Watermann et al., 2009). 
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1.5. Magnetic Clouds 
Interplanetary Magnetic clouds (IMCs) are localized regions in interplanetary space with 
a simple magnetic field topology as is typical for flux ropes. They are characterized by 
enhanced magnetic field strength, lower proton temperature than the background solar 
wind and a large-scale large-angle smooth rotation of the magnetic field vector (Burlaga 
et al., 1981; Burlaga, 1991). IMCs were early on associated with either, shocks, stream 
interfaces, CMEs or disappearing filaments (Burlaga et al., 1981; Lepping et al., 2006) 
and are nowadays considered to be contained in ICMEs (Gopalswamy et al., 1998; 
Lepping et al. 2006). They are a relatively common phenomenon (Klein and Burlaga, 
1982; Burlaga and Behannon, 1982); about 25% of all ICMEs were reported to fulfill the 
criteria for MCs (Cane and Richardson, 2003). 
MCs are disfinguished by their chirality (i.e., sign of magnetic helicity)(Rust 
1994; Burlaga et al., 1981; Bothmer and Schwenn, 1998). This parameter, which is 
obtained from fitting a flux rope model to observed data, can be left-handed (negative) or 
right-handed (posifive) but should always be the same as that of its solar source (solar 
surface flux rope). Interaction between IMCs, or an IMC and the fast solar wind, 
produces complex ICMEs which retain the magnetic structure in some cases and are then 
termed Mulfi-MCs (Wang et al., 2003), but not in others and are then called complex 
ejecta (Burlaga et al., 2002). Because of their high magnetic field strength and large 
plasma bulk velocity IMCs often (but not always) drive interplanetary shocks. Extensive 
analysis of solar and interplanetary sources of geomagnetic storms (Richardson et al., 
2002; Zhao and Webb, 2003) has indicated that CMEs and IMCs frequently trigger major 
geomagnetic activity. Echer et al., (2006) determined that combinations of interplanetary 
structures rather than isolated structures, and specifically interplanetary shocks driven by 
MCs, are most geoeffecfive (Watermann et al., 2009). 
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Fig. 1.7: Proposed topology of a magnetic cloud in interplanetary space 
Magnetic clouds are main cause of geomagnetic disturbances; tlieir geomagnetic 
effectiveness depends on wlietiier the field at the leading edge has a strong northward or 
southward component, (fig. 1.7). 
1.6. Solar Flares 
Solar flares are observed by several optically visible spectral lines such as the Ha, HeID3 
and Ca II H and K lines. At present, most frequently used is the HQ line of wavelength 
6563A (Sakurai, 1974). 
The development of solar flares as seen by Ha line is described as follows; at first 
very small bright spots appear over or near the sunspot groups. At this time the spots are 
so dark that they are often lost in the background field some times the brightness 
suddenly becomes intensified for the next few 10 seconds and the brightening area 
expands horizontally. Within a few minutes after the appearance of the first bright spots, 
the increasing rate of the brightness as seen in the Ha line attains the maximum. The high 
rate remains for 2 to 3 minutes. This period is presently called the "explosive phase" 
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(Athay et al., 1961) or the "flash phase" (Ellison et al., 1961). This phase is closely 
related to the most energetic phenomena such as the generation of energetic particles. 
During the explosive phase the Ha brightening areas expand toward the main 
sunspot umbral areas such as shown in fig. 1.8 with a speed of 1-11 km/sec. these 
brightening areas are formed along the magnetically neutral lines and latter on, the 
la BRIGHTENING AREA 
Expansion of Ha brightning area 
Fig. 1.8: Movement of Ha brightening area and sunspots 
brightness observed by the Ha line attains the maximum and gradually fades away almost 
in an exponential way as shown in fig. 1.9. 
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Fig. 1.9: Time profile of H„ brightness (12 November 1960) 
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Since the Ha line is usually observed as the fraunhofer absorption line and its 
well-measured, we can detect the brightening area with respect to this line in comparison 
with the background field. This brightening area is called "solar flare" when the change 
of this brightness is very quick. 
1.7. Prominences 
Prominences are located in the corona but possess temperatures a hundred times lower 
and densities a hundred or a thousand time greater than coronal values. In eclipse or 
coronagraph pictures, these cool, dense features appear bright at the limb, but in Ha-
photograph of the disc they show up as thin, dark, meandering ribbons called filaments. 
Prominences have been classified morphologically in several different ways 
intensity at the quiet Sun has been but there appear to be two basic types (Tandberg-
Hanssen, 1974; Jensen et al., 1979); 
A quiescent prominence: is an exceedingly stable structure and may last for many 
months. It begins life as a relatively small active region (or plage) filament, which is 
located either along the magnetic inversion line between the two main polarity 
regions of an active region or at the edge of an active region where it means a 
surrounding region of opposite polarity. Some times it may enter a sunspot from one 
side. As the acfive region disperses, the prominence grows thicker and longer to 
become a quiescent filament. It may continue growing for many months up to 10^  km. 
in length, and in the process it migrates slowly towards the nearest pole. Typical 
values for the properties of a quiescent prominence are 
density (ue) 
temperature (Tg) 
magnetic field (B) 
length 
-W'lm' 
- 7000 K 
-5-JOG 
- 200,000 km 
14 
height 
width 
- 50,000 km 
- 6000 icm 
Active prominences: are located in active regions and are usually associated with 
solar flares. They are dynamic structures with violent motions and have life times of 
only minutes or hours. There are various types, such as surges sprays (which may 
well be erupting plage filament) and loop prominences: both magnetic field (about 
100 G) and average temperature are much higher than for quiescent prominences. 
The top fig. 1.10 shows an eruptive prominence recorded by SOHO on June 14, 1999. 
South is up in this image, which is recorded in the extreme UV part of the spectrum in the 
light of ionized helium atoms. The second fig. 1.11 shows a prominence on the edge of 
the Sun photographed in H-alpha light by the Big Bear Solar Observatory at 16:17 UT on 
October 3rd, 1996. The top image below shows a total solar eclipse, with several 
prominences in red on the limb of the Sun. The bright red color of prominences is 
associated with strong emission of Balmer H-alpha radiation. 
Fig. 1.10: PromineBces visible during a total solar eclipse 
IS 
Fig. 1.11: Prominence on the solar limb 
Quiescent prominences are extremely stable features and remain suspended in the 
corona where they slowly evolve and become more elongated over the course of several 
solar rotations (a timescale of a few months). The loops in the prominence (shown in the 
following fig. 1.12) are larger than the Earth, which would easily fit under them. 
Fig. 1.12: A large solar prominence 
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Prominences can also appear as eruptive phenomena, witli the highest velocities 
observed as fast as 1300 km/second, and have been observed to reach heights of 1 million 
kilometers above the photosphere (Priest, 1984). 
1.8. Streamers and Coronal Holes 
Solar wind expansion is spherically symmetric, but this is a poor approximation close to 
the sun where most of the acceleration takes place. On both eclipse and soft X-rays 
photographs one sees evidence of some regions with a predominantly open magnetic field 
and others with closed fields. The former are known as coronal holes (Bohlin, 1976; 
Zirker, 1977), and latter consists of coronal loops. Most of the solar wind is probably 
escaping from the solar surface as high speed streams along the open fields of coronal 
holes, but it is possible that a significant mass flux dribbles across closed fields with the 
help of small-scale interchange instabilities and produces low speed streams. The large-
scale closed structures surmounted by open field and known as coronal streamers have 
been modeled by Pneuman and Kopp (1971). They contain high-pressure, high-density 
plasma because the closed magnetic field is strong enough to hold the plasma down. By 
contrast, the density of an open region falls off rapidly with height because the plasma 
can easily escape and because conducfive losses lower the temperature and scale height 
there. An additional factor is that the heafing is likely to be more efficient in the closed 
regions and so make the temperature higher than in coronal holes. Since the total pressure 
(plasma plus magnetic) must remain continuous across the interface between closed and 
open regions, the fall-off of pressure with height in the open regions means that there is a 
jump in magnetic field strength at the interface. The interface is therefore a curved 
current sheet, across which the tangential flow speed is discontinuous (Priest, 1984). Fig. 
1.13 shows an X-ray image of solar corona, and arrow indicates coronal hole, which 
becomes the source of solar wind. 
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Fig. 1.13: A soft X-ray image of the corona, showing coronal hole 
1.9. Corotating Interaction Region 
Fast and slow wind steams originate on the Sun while these streams propagate outward, 
the frozen-in magnetic field is wound up to Archimedean spirals. In a slow steam, the 
field line is curved more strongly than in a fast stream. Since field lines are not allowed to 
interaction region develop between the two steams. Because both rotate with the Sun, this 
is called a corotating interaction region (CIR). Often the source locations of the fast and 
slow solar winds are rather stable and an observer in space sees the CIR again during the 
following solar rotations. In this case, it is called a recurrent corotating interaction region. 
As these streams propagate outward, flow compression and deflection on both 
sides of the interface smooth the jump, leading to a continuous increase in plasma speed. 
Fig 1.14 shows an idealized sketch of evolution of a CIR in the inner heliosphere 
U 
(Schwenn, 1990). The region of compressed plasma at the transition between the fast and 
slow steam at 1 AU typically extends over about 30° while the plasma might originate 
from a coronal as wide as 90° or more. Thus magnetic field sector boundaries often found 
close to the compression region are not necessarily related to the interface but originate in 
a coronal region far from the boundary between the fast and slow streams. This is also 
evident from observations of the corona and the photosphere; the boundaries of the 
coronal holes are not related to the neutral lines of the photospheric field. In particular, 
the polar coronal hole can extend into the opposite hemisphere, thereby crossing the solar 
equator as well as the current sheet. 
forward shock 
slow flow 
Fig. 1.14: Shows the corotating interaction region form between slow and fast solar 
winds and originates shocks. 
With increasing distance from the Sun, the characteristic propagation speeds, 
which are the sound and Alfven speeds, decrease. At some distance between 2 and 3 AU, 
the density gradient on both sides of the compression region becomes too large and a 
shock pair develops, propagating away from the interface. The shock propagating into the 
slow wind is called the forward shock, and the one propagating into the fast wind is the 
reverse shock. 
Corotating interaction regions tend to distort or even destroy all small-scale 
fluctuations and disturbance propagating outward from the Sun. In the outer heliosphere, 
the magnetic field and the shock fronts are more azimuthally aligned, sometimes 
extending around the entire Sun (Kallenrode, 1998). 
1.10. Interplanetary Magnetic Field 
The photospheric magnetic field was discovered by Hale in 1902. The Sun's magnetic 
field is carried out into the interplanetary space is called "Interplanetary magnetic field" 
(IMF). With in about 2 solar radii this magnetic field is highly variable and complex is 
reduced simply, radially directed one. Since the conductivity of the solar wind is high and 
the magnetic field is frozen into it and carried out into the interplanetary space. The Sun's 
rotation winds field lines to Archimedean spirals. Thus with increasing the radial distance 
the magnetic field becomes more and more toroidal (Kalienrode, 1998). 
The solar corona extends far out into interplanetary space. Apart of the coronal 
gas is observed as zodical light. The value of electron density near the earth's orbit 
estimated from the brightness of that extrapolated from the observed electron density 
distributions in the outer corona. The numerical value of the electron density -100 
electrons/cm^ (Blackwell and Ingham, 1964; Behr and Siedentopf, 1953). However, in 
association with solar fiares, plasma clouds are often emitted from the Sun. 
1.11. CMEs and Interplanetary Shock Waves 
A shock has been observed in front of the magnetic cloud. But only about the one-third of 
the CMEs in space drive an interplanetary shock (Gosling, 1992), while apparently all 
traveling interplanetary shocks are driven by CMEs. 
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Interplanetary shocks are identified by characteristic changes in the plasma and field 
parameters, in particular a sudden increase plasma density, speed, and temperature, and a 
jump in the magnetic field strength. 
The properties of interplanetary shocks are highly variable. Between 0.3 AU and 1 
AU, the basic characteristics are as follows: 
1. The compression ratio varies between 1 and 8 with an average close to 2. 
2. The magnetic compression (ratio between the up stream and downstream 
magnetic field strengths) varies between land 7 with an average at 1.9. 
3. Shock speeds in the laboratory frame vary between 300 km/s and 700 km/s with 
an average about 600 km/s., occasionally shock speeds above 200 km/s can be 
observed. Shocks with speeds only slightly above 300 km/s can be observed in 
very slow solar wind streams only. 
4. The angular extend of the shock varies between a few tends of degree and up to 
180°, the shock is always wider than the driving CME. 
5. The Alfven Mach number is between 1 and 13 with an average oat 1.7. 
The shock parameters, of course, are related to the properties of the CME, speed, 
angular extent, and total energy released. An interplanetary shock is a disturbance 
propagating into the expanding solar wind. The shock should develop absolutely because 
it expands, too, and also relative to the ambient as the latter ones expands differently. In 
particular, the expansion of the shock leads to decrease in the plasma and magnetic flux 
densities. Thus the energy density also decreases. But the latter decreases not only 
because of shocks expansion: turbulence created in the wake of the shock and particles 
accelerated at the shock front also reduce the shock's energy. 
Two extreme cases can be distinguished. If a shock is very fast close to the sun (with 
CME speeds above 1000 km/s), it is likely to accelerated in interplanetary space. On the 
other hand, shocks that are rather slow on the sun do not decelerate but propagate at 
roughly constant speed. The faster shocks in general tend to be more efficient particle 
accelerators, and thus part of the shock's kinetic energy is converted in to kinetic energy 
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of particles. In some sense, this relates to the different speed characteristics of the CMEs 
and to the conversion of shock kinetic energy in to particle energy (Kallenrode, 1998). 
2.12. The Terrestrial Magnetic Field 
Magnetic fields either originate in currents or from magnetized bodies. Earth is not a 
magnetized body, as can be seen from the variation in the terrestrial field, in particular 
the pole reversals. Instead, the terrestrial field originated in a dynamo process. Close to 
the Earth's surface it can be approximated as a dipole; at higher altitudes or under 
magnetically disturbed conditions it deviates from the dipole due to currents, the solar 
wind pressure, and plasma and field exchange with the interplanetary medium. 
The dipole field: The Earth can be described as a sphere magnetized uniformly along its 
dipole axis. This axis intersects the surface in to two points, the austral (southern) pole at 
78.3°S 1ITE closed to the Vostok station in Antarctica and the boreal (northern) pole at 
78.3°N 69°W close to Thule (Greenland). Both positions are about 800 km from the 
geographic poles and the magnefic dipole axis is indicated by 11.3° with respect to the 
axis of rotation. The dipole moment ME of the Earth is 8x10^^ G cm^ or 8x10^^ Ami 
Coordinates in a dipole field: In a spherical coordinate system oriented along the dipole 
axis, the position of a point P is described by its distance from the center of the dipole 'r' 
and the angle ' 6 ' from the dipole axis to the magnefic field can be written as; 
. S ^ = - — - ^ s i n ^ ,and 5 ^ = i l ^ c o s ^ 
r r 
The magnetic flux density then is 
r 
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The field strength therefore falls off with distance as 1//. 
Geomagnetic coordinates: The geomagnetic coordinate system is orientated along the 
magnetic dipole axes. A plane perpendicular to the dipole axis intersecting the center of 
the Earth defines the equatorial plane. The intersection of this plane with the Earth' 
surface gives the geomagnetic equator. The geomagnetic longitude ' A' and latitude ' ^ ' , 
then are defined analogously to the geographic longitude 'A ' and latitude 'y/\ With 
i//o=78.3°N and /lo=29rE as the latitude and longitude of the boreal magnetic pole, the 
magnetic and geographic coordinates are related by the transformations. 
sin (j) = sin i// +sin i// o + cos ^ // cos i// o cos (1 - A o), 
. , cosii/sin(/l-/L) 
and smA = ^ ^ 
cos^ 
The magnetic potential at a position r from the Earth's centre is: 
Mp.r ^ M^sini// 
3 2 • 
r r 
From this, the magnetic field strength can be derived as; 
B = -AV. 
Components of the fields: The geomagnefic field can be described in different system. 
In a rectangular Cartesian system, the triple {X, Y, Z) gives the northward, 
eastward and vertical components. 
In a cylindrical system, the triple {D, H, Z) is used with Zas the vertical intensity, 
Has the horizontal intensity, and D as the declination of the field. 
In a spherical coordinate system with Z and X as the axis of reference, the filed 
can be described by the triple {B, I, D) with total intensity B, inclination /, and declination 
D. line with D constant are called 'isogones'. Line with constant / are 'isoclines'. The 
line with 1=0° is the 'dip-equator' or 'geomagnetic equator'. This shows the relation 
between the different systems. 
From above magnetic potential equation we can derive the field components. The 
radial (vertical) component is; 
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7 = D - ^ _ 2-^t-sin(Zi 
L ~ Dx — dr 
And the horizontal (tangential) component is; 
H 
_ „ _ 1 5v _ M;,cos(// 
r d(j) 
ftla^Mtic North 
D(nvn 
Fig. 1.15: Components of the geomagnetic field at the Earth's surface 
At the Earth's surface the magnetic field components in G can be approximated as 
/f=0.31 cos(^  and Z=0.62 sin^. 
At the pole B equals to Z while at equator B^E. thus the magnetic field strength at the 
pole is twice that at the equator. This ratio does not change with increasing distance. 
The magnetic inclination; 
tanl=—--/tano). 
H 
Thus close to the dip-equator the inclination increases twice as fast as the 
geomagnetic latitude. The declination D is defined as the angle between the magnetic 
field direction and the geographic north; 
D^Y/X. 
The northward and eastward components of the field then are given as; 
X=HcosD, 
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and Y=HsinD. 
1.13. Topology of Eartlti's Magnetoshere 
Close to the surface of the terrestrial magnetic field can be described as a dipole field, at 
altitudes above a few Earth radii the influence of the solar wind is no larger negligible; 
the dipole field is compressed and part of it is violently torn back behind the Earth. 
The structure of the magnetosphere is best described in the frame of reference 
with a fixed Sun-Earth axis. The magnetosphere than stays fixed in space while the Earth 
rotates inside it. This system the magnetosphere into two parts, a dayside directed 
towards the Sun and a nightside facing the magnetotail. The corresponding directions in 
the equatorial plane are noon and night, and the direction perpendicular to it dusk and 
down, always referring to local time. 
The most important features of the magnetosphere are shown in fig. 1.16. Typical 
extensions are about lOr^  in the solar direction and more then lOOr,, tailwards. 
The different parts of the magnetosphere are: 
The tnagnetophause: The magnetopsause cavity is separated from the interplanetary 
meignetic field by the magnetopause. It is defined by equilibrium between the solar wind 
pressure and the pressure of the terrestrial magnefic field. 
The interplanetary magnetic field and the thermal pressure of the solar wind do not 
contribute to this balance; their contributed pressure is less than 1% of the plasma kinetic 
pressure. 
In the pressure balance we have to consider the geometry of the field and the 
plasma flow. Since the magnetic pressure is anisotopic, only the tangential magnetic field 
Bt contributes to the magnetic pressure. 
Pmag 
If we assume the magnetopause to be a perfect boundary between the solar wind 
and the terrestrial field, J5„ equals to zero at the magnetopause. 
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Fig. 1.16: The Earth's magnetosphere, showing its different parts 
Polar cusps: The polar cusps are two singularities in the dayside magnetosphere; here 
the magnetic field vanishes and particle and plasma can penetrate freely into the 
magnetosphere. The polar cusps separate closed field lines on the dayside magnetosphere 
from open field lines swept to its nightside. The cusps are not located on the dipole axis 
but at lower geomagnetic latitudes because the higher latitude field, which is the dipole 
field would be still be on the dayside, are convected with the solar wind to the nightside 
magnetosphere. The magnetic field lines connect the cusps back to geomagnetic latitudes 
of about 78°, they are the only connecting the surface of the Earth to the magnetopause. 
Thus all field lines of the magnetopause converge at the cusps. The cusps are filled with 
plasma from the magnetosheath but not from the magnetosphere. Thus at the cusps, 
plasma of the solar wind origin can penetrate deep into the Earth's atmosphere, as can 
energetic particle. 
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The tail: Magnetic field lines extending from the cusps to the nightside border the 
magnetotail. Close to the Earth, in addition to these open field lines also closed field lines 
can be found inside the tail. The field lines closed at very large distances (~3000RE). 
As on the dayside magnetosphere, the closed field lines originate in geomagnetic latitude 
below 78°. At higher latitudes, all the field lines are open. This region is called 'the polar 
cap'. 
The bow shock: In this front region the solar wind particles hit the magnetosphere. The 
solar wind particle have much numbers>l that means they are supersonic. This is Valid 
for both the Alfven and the sound velocity: 
B 
, and 
And the corresponding Mach numbers are Ms=v^y v^ ; M^=v„v/v^ -10. 
Magnetosheath: The region between the bow shock and the magnetopause is called the 
magnetosheath. Here the particles become thermalized-kinetic energy is converted to the 
thermal energy and the plasma is highly turbulent there. 
PJasmasheet and lobes: This is the sheet of plasma in the tail region divided in to two 
lobes of the Earth' magnetic field. For both electrons and the protons the particle density 
is 0.5 cm'^ 
Lobes are in the magnetotail have opposite direction and separated by the 
plasmasheet -otherwise they would cancel. 
Plasmasphere: A torus shaped region, surrounded the Earth. It was detected in 1963 and 
has a sharp edge at the plasmapause extending to 4-6 Earth radii. It can be also recorded 
as an extension of the ionosphere. Inside the plasmapause geomagnetic field lines rotate 
with the Earth. Outside the plasmapause the magnetic field lines can not rotate and the 
solar wind influence is so large. The plasmasphere is dominated by dense and cold 
plasma of ionospheric origin, as is evident from the high OVH"^ ratio and the existence of 
other ion species such as He"^ , O^ "^ , N"^ , and N^ "^  which cannot be found in the solar wind. 
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Van Allen radiation belts: In 1985 Van Allen discovered the radiation belts; like the 
plasmasphere they are toroidally shaped. The inner radiation belt extends from 400 to 
12000km above the Earth, the outer belt from 12000 to 60000km. 
In order to understand the dynamics of the current system, we recapitulate the 
motions of charged particles in a magnetic field: 
1. Spiral motion: circling about magnetic field lines; Charged particles can not easily 
move across magnetic field lines but are forced to spiral around them. Electrons 
encircle the field line in one direction, ions in the other direction. 
2. Bounce motions: the particles move along the field lines from pole to pole. Near 
the poles they become reflected (since the magnefic field line density is large). 
3. Drift motion: Curvature of the magnetic field lines and the non-uniform strength 
of the magnetic field force field particles to drift around the earth, ions in one 
direction, and electrons in other. For the earth as seen from Europe: Ions go west, 
electrons east. 
In magnetic field particles are being transported and this causes currents. Due to the 
currents magnetic fields are generated. In a magnetosphere there are three distinct current 
systems: 
1. Chapman Ferro currents: they enclose and confine the magnetosphere and are 
found in the vicinity of the magnetopause. 
2. Cross tail currents: pass through the center of the magnetotail causing the current 
sheet. 
3. Field aligned currents: transient currents, short circuit through planet's ionosphere 
and cause aurorae. 
The magnetosphere is influenced by the solar wind; 
• The interaction of enhanced solar wind pressure on the dayside cause a 
strong reduction of the magnetopause even below the geostationary orbit 
(6.6rE). The observed variations of the distance of the dayside 
magnetopause are in the range 4.5 to 20 rg. 
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The magnetic moment of the interplanetary magnetic field (magnitude and 
orientation) determines the size and extension of the magnetosphere. 
1.14. Magnetic Storms 
The Sun heats the Earth's atmosphere. Also the degree of ionization in the ionosphere 
increases at dayside and due to this convection of ionosphere occurs. Due to this 
convection the charged particles are transported into magnetosphere and by dynamo 
action ionosphere electric currents generated above the equator up to mid latitudes. These 
current produce a magnetic field which moves with subsolar points. So there is a 12 hour 
variations in the measurement of the field strength, observed. 
The Sun emits particles and solar wind compresses the magnetosphere. High 
speed more compress and magnetic storms begins with a SSC (storm sudden 
commencement). The number of charged particles in radiation belt region of 
magnetosphere is increases. These particles drifted around the Earth and creating a ring 
current which produces a depression in horizon magnetic field and, seen at lower latitude 
and called as magnefic stoirms. This is followed by the recovery of the phase, lasting one 
day or more in which the ring current subsides and the magnefic field strength returns to 
the normal. Charged particles are guided down the magnetic field lines in to the upper 
atmosphere. This produces auroral electrojets a large horizontal current which flows in D 
(upto 90km) and E (upto 150km) regions of the auroral ionosphere, which are intense 
east-west currents (Hanslimeier, 2007). 
1.15. Geomagnetic Indices 
Daily regular magnetic field variations arise caused by solar radiation changes. Irregular 
current system produces magnefic field variations due to; 
o The interaction of the solar wind with the magnetosphere. 
o By the magnetosphere itself, 
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o By the interaction between magnetosphiere and the ionosphere, 
o By the ionosphere 
Magnetic activities described by the indices which are designed such as they 
described the variation in the geomagnetic field caused by these irregular current 
systems. We use Dst and kp index which are interesting in the solar terrestrial relations. 
Dst index 
Dst stands for Disturbance Storm Time is an index of magnetic activity derived from a 
network of near-equatorial geomagnetic observatories that measures the intensity of the 
globally symmetrical equatorial electrojet "the ring currenf. During large magnetic 
storms the signature of the ring current can be seen in the ground magnetic field 
recordings worldwide as called main phase depression. The ring current energization 
gives a typical depression of the lOOnT is related to magnetic reconnection processes at 
the neutral sheet (Hanslimeier, 2007). 
Use of the Dst as an index of storm strength is possible because the strength of the 
surface magnetic field at low latitudes is inversely proportional to the ring current, which 
increase during geomagnefic storms. In case of classic magnetic storm, the Dst shows a 
sudden rise, corresponding to the Storm Sudden Commencement, and then decreases 
sharply as the ring current intensifies. As the IMF turns northward again the ring current 
begins to recover, the Dst begins a slow rise back to the quiet time level. The relafionship 
between the inverse proportionality of the horizontal component of magnetic field and the 
energy components of the ring current is known as the Dessler-Parker-Sckopke relafion. 
Kp index 
The kp index was first introduced by J. Bartels in 1938. it is a quasi-logarithmic local 
index of 3 hourly range in magnetic activity that yield a quantitafive measurement of the 
level of the geomagnetic activity. The planetary 3-hour-range kp is the mean standardized 
K-index from 13 geomagnetic observatories between 44 degree and 60 degree northern or 
southern geomagnetic latitude. The scale is 0 9 expressed in third of a unit such 
as 5-is 4 2/3, 5 is5 and 5+ is 5 1/3. This planetary index is designed to measure solar 
particle radiation by its magnetic effects (Hanslimeier, 2007). 
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Chapter 2 
Solar Effects of Earth's Magnetic Environment 
2.1. Introduction 
From space weather prospective, several major advances are needed in order to 
understand the way that geomagnetic storms affect the space environment. For example, 
it is important, (a) to distinguish those events that are geoeffective from those that are 
not, (b) to understand the solar wind input to the magnetosphere and their time variations 
better and understand how changes in the solar wind plasma and field conditions 
influence the energy transfer in the geospace environment, and (c) to understand how the 
changes during the geomagnetic storms affect the dynamics of the magnetosphere and the 
geoeffectiveness of the subsequently approaching solar disturbances and possibility of 
their prediction. 
Geomagnetic storms originate at the Sun and occur in the solar wind, the 
magnetosphere, the ionosphere, and the thermosphere. The importance of the origin of 
the geomagnetic storms has generated a great interest in this topic and many 
investigations have been carried out in the area during the last years, (e.g. Badruddin, 
1998; Sabbah, 2000; Badruddin and Singh, 2009; Denton et al., 2006; Echer et al., 2008; 
Kane, 2005,2006,2007; Kudela and Storini, 2005; Richardson et al., 2006; Yermolaev, 
2007; Zhang et al., 2007 and references therein). 
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The study of geoeffectiveness of solar and interplanetary phenomena and search 
for the geoeffective solar wind parameters are key points to predict the occurrence of the 
geomagnetic storms on the basis of solar wind and interplanetary space observations. So 
it is important to know which solar wind structures are mainly geoeffective for the whole 
body of geomagnetic storms and which typical conditions in the solar wind precede 
magnetic storms. Thus it will be interesting to look for the most important parameter and 
the dimension cause of the geomagnetic storms. It will also be interesting to look for the 
relative geoeffectiveness of various solar/interplanetary structures e.g. Interplanetary 
Coronal Mass Ejection (ICME), Interplanetary Magnetic Cloud (IMC), Shocks, Stream 
Interaction Region (SIR), Corotating Interaction Region (CIR) etc. 
The study of the geomagnetic disturbances (storms) has been a great interesting 
topic due to, (i) intrinsic interest caused by the physics involved, (ii) its implication in the 
many areas, particularly space weather effects and (iii) the availability of high-quality 
and high-resolution data on the solar surface, solar eruptions and interplanetary plasma 
field parameters from space craft observations such as WFND, ACE, TRACE, SOHO, 
YOHKOH, ULYSSES etc. 
2.2. Data and Method of Analysis 
The ICMEs, IMC, SIRs and CIRs, including associated shock structures, observed during 
1995-2004 in space at lAU have been identified using multi spacecraft observations 
(e.g., see Gopalswamy et al., 2001; Cane and Richardson, 2003; Manoharan et al., 2004; 
Jian et al., 2006a,b; Zhang et al., 2007). Hourly resolution data of interplanetary plasma 
and field, namely, plasma velocity, density, pressure, total magnetic field, its north-south 
component, down-dust electric field and geomagnetic parameters Dst and kp are well 
documented at NASA's OMNIWEB data base. These data for the period 1995-2004 
utilized and two methods of analysis are used in present work, which are briefly 
described blow; 
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Superposed epoch analysis: In this method of analysis, the time of a certain event is 
defined as zero time (or zero hour) and this time is treated as reference time. With the 
help of FORTRAN-program, the data under investigation is listed 72 hours before and 
264 hours after the zero hour with reference to zero hour of each event. In this way the 
data is listed in the form of matrix in which rows represent number of events (or epoch) 
and columns represent the time before and after individual zero hour of each event. With 
the help of FORTRAN-program found the column averages of the matrix and standard 
error of mean for each column is calculated. The results of analysis are then plotted. 
The superposed epoch analysis of interplanetary parameters (magnetic field B, Z-
component of magnetic field Bz, proton density N, plasma speed V, and their RMS 
values, flow pressure P, electric field E) and geomagnetic indices (kp and Dst) are 
performed with reference to various features of Interplanetary Coronal Mass Ejections 
(ICMEs) and Stream Interaction Regions (SIRs). 
Correlation analysis: Correlation analysis is used to determine the changes in an 
attribute, which are associated with changes in another attribute. The data for a 
correlation analysis consists to input columns and each column contained values for 
one of the attribute. Here one is Dst index and other column values are of any one of 
the interplanetary parameters (Bmax, Bzmin, Ey a^x, N a^x, AP, Pmax, AV, Vmax)-
2.3. Interplanetary Coronal Mass Ejection (ICME), Magnetic Clouds 
(IMCs), Steam Interaction Region (SIR), Corotating Interaction Region 
(CIR) 
Coronal mass ejections (CME) are transient events with large amounts of material ejected 
from the solar atmosphere. Interplanetary manifestations of CMEs i.e. Interplanetary 
CMEs (ICMEs) have been the subject of study since early seventies (Tousey, et al., 1973; 
see review by Gosling, 1990). A simplified picture of an ICME, a shock and a flux rope, 
is shown in fig.2.1 (see Jian et al., 2006a). ICME signatures in near earth plasma and 
field include a stronger than ambient magnetic field, rotating magnetic field, low plasma-
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P (ratio of plasma thermal pressure to the magnetic pressure), abnormally low proton 
temperature (e.g. Burlaga, et al., 1981), low electron temperature (e.g. Mentgomery et al., 
1974), abnormal charge state of ions (e.g. Lepri et al., 2001), energetic particle signatures 
(e.g. Morrison, 1956; Richardson et al., 1991). Although none of these features are 
unique to ICMEs or no any sufficient condition to identify ICMEs, a combination of 
these signatures has been utilized to identify them at in near-earth space (e.g. Klein and 
Burlaga, 1982; Cane and Richardson, 2003). 
Shock 
M ^ / 
Fluxnqpe 
Fig. 2.1: Simplified paradigm coronal mass ejection (CME) 
The magnetic clouds in interplanetary space (IMCs) are a special subset of 
ICMEs, characterized by low plasma-P and by large coherent internal magnetic field 
rotations through a relatively large angle (Burlaga et al., 1981; Kliein and Burlaga, 1982). 
About 30% of the ICMEs at lAU exhibited magnetic flux ropes (Gosling, 1990). 
However, it was suggested that all ICMEs contain a well defined flux rope close to the 
Sun (Murubashi, 1997), but that some flux rope signature have weakened as the ICME 
evolves on its way to lAU (e.g. Oshervich and Burlaga, 1997). Alternatively, ICMEs 
may continue to contain identifiable flux ropes out to lAU, but some of them are 
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traversed far from the central flux rope where the flux rope can not be defined (see Jian et 
al., 2006a). 
Sector 
boundary 
\ Slow 
Fig. 2.2: Showing origination of fast and slow solar streams 
A stream interaction region (SIR) forms where a fast solar wind overtakes a slow 
stream, leading to structure that evolves as an SIR moves away from the Sun. Longer-
lasting interaction regions that recur on more than on solar rotation and corotate with the 
Sun are called corotating interaction regions (CIRs). 
Fast end tenuous streams originated in coronal holes (Krieger et al., 1973), while 
the relatively slow and dense streams arise in the streamer belt (Feldman et al., 1981)(see 
fig.2.2). They are quite distinct in their kinetic properties. Because the slow streams and 
fast streams are radiallly aligned and originate from different positions on the different 
times, their frozen-in magnetic fields different, preventing the two stream from 
interpenetrating (Gosling and Pizzo, 1999). Therefore, when they move away from the 
35 
Sun, the fast stream collides with the slow stream ahead, while simultaneously 
outrunning the slow trailing stream. This forms a compression on the rising-speed portion 
of the slow stream and a rarefaction on the trailing edge of the fast stream, as indicated in 
fig.2.3 (Sarabhai, 1963; Hundausen, 1972). 
. / Z^^*"^. 
Fig. 2.3: Schematic illustration 2-D corotating stream structure in the solar 
equatorial plane in the inner heliosphere 
If the flow pattern emanating from the Sun in roughly time-stationary, then the 
stream interaction regions form spiral in the solar equatorial plane that corotate with the 
Sun and are commonly called corotating interaction regions (CIR) (Smith and Wolfe, 
1976; Gosling and Pizzo, 1999). Because of the temporal variability in the solar wind 
structure, a fast stream coming from a given point may vanish before the Sun rotates 
completely and not produce a periodic stream interaction. Even stream interactions with 
poor recurrence, though, may still be strong while they exist and affect geomagnetic 
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activity (e.g. Bobrov, 1983). Such transient and possible localized stream interactions are 
termed as stream interaction region (SIRs). 
The boundary separating the originally fast, tenuous and hot solar wind of the fast 
streams from the slow, dense and hot streams is termed as stream interface (SI) (Belcher 
and Davies, 1971; Gosling et al., 1978). Plasma pressure within a CIR peaks in the 
vicinity of the SI, where there is a large shear in the flow. 
The interaction between fast end slow streams starts in the inner heliosphere and 
interaction region broadens with increasing heliocentric distance. Far out in the 
heliosphere, the SIRs eventually coalesce (Jian et al., 2006b). 
2.3.1 Interplanetary and Geomagnetic Response to ICME and SIR 
Related Disturbances 
It is known that both the ICMEs and SIRs influence the geomagnetic activity. However, 
the field topology and the solar plasma behavior during their passage are not similar. 
Therefore, it is important to understand; (a) average plasma/ field behavior, (b) time 
difference in the arrival of disturbance at lAU and their geomagnetic response and (c) 
differences in amplitudes and time profiles of geomagnetic activities due to CIR and SIR 
related disturbances in interplanetary space. We have considered ten year observations of 
ICMEs and SIRs during 1995-2004 (Jian et al., 2006a,b) and performed superposed 
epoch analysis of solar wind plasma velocity (V), density (N), pressure (P), magnetic 
field (B), it's north-south component (Bz) and electric field E (-Bz^V) together 
geomagnetic field parameters (kp and Dst). Root Mean Square (RMS) fluctuations in 
various plasma and field parameters have also been plotted. The superposed epoch 
analysis results with respect to (zero hour) arrival of ICME and SIR disturbances are 
shown in fig.2.4 (a&b). The average variations in various parameters are shown 72 hours 
before and 264 hours after the arrival of disturbance. The later period includes duration of 
several hours when the Earth remains engulfed in the passing structures (ICMEs/SIRs). 
We see, from these figures, that solar wind profile is typical for both ICME and 
SIR related disturbances. In the case of ICMEs, solar wind velocity enhancement is 
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sudden while it is relatively slowly increasing in the beginning to reach maximum value. 
A worth mentioning difference in Bz value is also seen in fig.2.4a and fig.2.4b. The 
southward (negative) Bz is observed after arrival ICME and lasts for several hours. In 
case of SIR related disturbances, the Bz is more fluctuating and extending to larger 
period of time. The presence of sudden commencements around zero hour (arrival of 
disturbances) in both cases is probably due to presence of shocks in good numbers 
associated with both the ICME and SIR events. The geomagnetic response to ICME 
related disturbances, on the average in comparatively delayed (after 11 hours in this 
figure) as compared to SIR related disturbances (only after 3 hours). Further, ICME is 
much more geoefective than SIRs as seen from the amplitudes of Dst and kp in two cases 
(see Table 2.1a and 2.1b). 
Table 2.1a: Various parameters and time differences from superposed epoch results: 
ICMEs related disturbance start time as epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBz(nT) 
N(N/cm^) 
V(km/s) 
P(nPa) 
RmsN 
RmsV 
E(mv/m) 
Kp(xlO) 
Dst(Nt) 
Am±Se 
+13.07±0.449 
-1.561±0.565 
+2.402 
+3.575 
+11.666+0.613 
+513.314+9.346 
+5.91+0.4 
+3.235 
+23.269 
+0.83+0.33 
+38.392+1.192 
-23.062+2.555 
AA=Am-Ao 
+6.185 
-2.021 
+2.101 
+2.304 
+5.981 
+81.413 
+3.776 
+2.544 
+17.086 
+1.273 
+17.952 
-22.684 
to(h) 
-3 
+4 
-10 
-5 
-10 
-1 
-5 
-4 
-5 
+4 
-7 
+ 11 
tm(h) 
+2 
+7 
+1 
+1 
+3 
+4 
+3 
+1 
+1 
+7 
+2 
+45 
At(h) 
95 
40 
31 
25 
48 
197 
44 
58 
24 
40 
66 
79 
recovery 
C 
C 
c 
C 
c 
~C 
C 
C 
C 
~C 
C 
-50% 
ICMEs -interplanetary coronal mass ejections 
UT-universal time of disturbances 
Am-amplitude of parameter 
Se-standard error 
Ao-starting value parameter 
to -start time 
tm- peak time 
tf - recovery time 
At=tf-to— (time difference) 
AA=Am-Ao 
~C-nearly complete recovery 
C-complete recovery 
~50%-about 50% recovery of initial value 
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ICMEs 
0=start time of disturbances 
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Fig. 2.4b: Superposed epoch analysis of geomagnetic and interplanetary 
plasma/field parameters with respect to (zero hour) start (UT) of disturbance 
related to SIRs 
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Table 2.1b: Various parameters and time differences from superposed epoch results: 
SIRs related disturbances start time as epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBz(nT) 
N(N/cm') 
V(km/s) 
P(nPa) 
RmsN 
RmsV 
E(mv/m) 
Kp(xlO) 
Dst(nT) 
AmiSe 
+9.966±0.198 
-0.357±0.239 
+0.837 
+2.525 
+15.024±0.501 
+499.958±5.211 
+4.157+0.133 J 
+2.075 
+9.77 
+0.114+0.101 
+30.001+0.735 
-21.169+1.315 
AA=Am-Ao 
+4.343 
-0.405 
+0.524 
+1.478 
+8.752 
+366.513 
+2.308 
+1.395 
+5.575 
+0.137 
+15.37 
-18.052 
to(h) 
-3 
-4 
-2 
-3 
-47 
0 
-19 
-2 
-1 
-4 
-3 
+3 
tm(h) 
+15 
+6 
+6 
+12 
+6 
+38 
+8 
+6 
+29 
+6 
+11 
+26 
At(h) 
102 
16 
60 
102 
76 
124 
116 
35 
117 
16 
124 
132 
recovery 
~C 
C 
C 
~C 
C 
-50% 
C 
c 
50% 
c 
~c 
50% 
Although the average behavior in both cases does not show complete recovery, 
50% recovery level is achieved much later (-132 hours) in case of SIR as compared to 
ICMEs (-80 hours). This is an indication that, although less geoeffective, SIR-related 
geomagnetic activity is of longer duration. 
Although superposed epoch analysis (fig. 2.4a and b) results are useful in showing 
the average plasma and field properties as well as their average geomagnetic response 
during the passage of ICME and SIR related disturbances, in addition we have studied the 
geoeffectiveness of individual structures also. First of all we have grouped the ICME and 
SIR-related disturbance (as measured by negative value of Dst) into a bin of 15nT (i.e. -I 
to -15nT, -16 to -30nT, -31 to -45nT etc.), and plotted the histogram. These 
histograms showing the geomagnetic response of ICME-related geomagnetic 
disturbances and SIR-related disturbances are shown in fig.2.5a and 2.5b respectively. 
These plots shows a clear difference that most of the larger geomagnetic disturbances (-
Dst) are due to ICME-related events. 
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Next, we have categorized the geomagnetic disturbances into Quit (-30nT<Dst<-lnT), 
weak (-50nT<Dst<-30nT), Moderate (-100nT<Dst<-50nT) and Severe (Dst<-100nT) and 
tabulated their numbers in different year (phases) of solar actively cycle. These values are 
given in table 2.2a and 2.2b as due to ICME and SIR related events. 
Table 2.2a: Geomagnetic disturbances during years due to disturbances related to 
ICMEs 
ICMEs 
0 
W 
M 
S 
Total 
1995 
2 
2 
6 
1 
11 
1996 
2 
3 
0 
0 
5 
1997 
0 
5 
10 
5 
20 
1998 
8 
11 
4 
2 
25 
1999 
8 
5 
6 
3 
22 
2000 
14 
4 
12 
7 
37 
2001 
12 
9 
7 
12 
40 
2002 
15 
6 
3 
4 
28 
2003 
3 
7 
7 
5 
22 
2004 
6 
7 
3 
4 
20 
Total 
70 
59 
58 
43 
230 
44 
Table 2.2b: Geomagnetic disturbances during years due to disturbances related to 
SIRS 
SIRS 
0 
w 
M 
S 
total 
1995 
14 
8 
10 
3 
35 
1996 
19 
11 
3 
1 
34 
1997 
15 
12 
8 
1 
36 
1998 
7 
10 
14 
2 
33 
1999 
7 
9 
18 
2 
36 
2000 
8 
10 
10 
4 
32 
2001 
7 
14 
11 
0 
32 
2002 
8 
16 
9 
8 
41 
2003 
5 
18 
16 
2 
41 
2004 
14 
14 
11 
2 
41 
Total 
104 
122 
110 
25 
361 
This classification in Quiet, Weak, Moderate and Severe geomagnetic 
disturbances has led us to study their relative number (in percent) both due to ICME and 
SlR-related events. These are plotted in the form of pie-charts in fig.2.6a and 2.6b. An 
important conclusion that can be drown from these two pie-charts is that majority of 
severe geomagnetic disturbances are due to ICMEs and only a few severe storms can be 
associated to SIR related events. 
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An effective method to establish a relationship between two variables is to 
calculate the correlation coefficient between the two. Its value also tells us how strongly 
the one effect is related to the other (cause). On the basis of geomagnetic response of 
individual events, we have separately calculated the correlation coefficients between 
various solar/plasma parameters and geomagnetic index Dst. These values are tabulated 
in Tables 2.3a and 2.3b. It is seen that the best correlation with Dst index is found to be 
with southward magnetic field (-Bz) and/or with dawn-dusk electric field E (-Bz^V). 
During ICME-related disturbances Dst shows best correlation with -Bz while during 
SIR-related disturbances the correlation with Bz and electric field E are nearly same. 
Table 2.3a: Correlation-coefficients between Dst and various parameters amplitudes 
for due to ICMEs related disturbances 
ICME 
Bmax 
Bzmin 
Ey max 
AP 
AV 
Pmax 
Vmax 
Nmax 
Correlation coefficient 
with Dst 
r 
-0.48008 
+0.82534 
-0.56597 
-0.45403 
+0.36263 
-0.47493 
-0.33282 
-0.249 
N 
160 
159 
156 
120 
155 
153 
155 
156 
Table 2.3b: Correlation-coefficients between Dst and various parameters amplitudes 
for due to SIRs related disturbances 
SIRS 
Bmax 
Bzmin 
Ey max 
AP 
AV 
Pmax 
Vmax 
Nmax 
Correlation coefficient 
with Dst 
r 
-0.4342 
-0.7171 
-0.70907 
-0.26743 
-0.08967 
-0.36701 
-0.09953 
-0.18669 
N 
257 
256 
255 
97 
257 
257 
257 
252 
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2.3,2 Discontinuity in ICMEs and SIRs and their Geoeffectiveness 
Sudden jumps in interplanetary parameters specially in pressure, density and magnetic 
field during ICME as well as SIR related disturbances have been identified and their 
timings at lAU are also noted (Jian et at., 2006a,b). The average behavior in variations of 
different plasma/field and geomagnetic parameters, with respect to time of discontinuity, 
47 
in ICME and SIR related disturbances, have been obtained by the method of superposed 
epoch analysis; these are plotted in fig.2.8a and 2.8b. In addition to comparatively 
enhanced geomagnetic actively during ICME-related disturbances, as evident from the 
values of kp and Dst (Table 2.4a & 2.4b) and in general, enhanced plasma and field 
parameters, we observe that geomagnetic response of discontinuities in SIR is sudden on 
its arrival (see Dst, kp plots in particular). Other responses of ICME and SIR are almost 
similar to those discussed in previous section. 
Table 2.4a; Various parameters and time differences from superposed epoch results: 
IGVLEs related discontinuities start time as epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBz(nT) 
N(N/cm^) 
V(km/s) 
P(nPa) 
rmsN 
rmsV 
E(mv/m) 
Kp(xlO) 
Dst(nT) 
Am±Se 
+]4.231±0.545 
-1.188±0.663 
+2.694 
+3.775 
+12.271+0.715 
+530.367+10.585 
+6.681+0.503 
+3.114 
+27.418 
0.843+0.463 
+39.541+0.015 
-25.573+2.725 
AA=Am-Ao 
+6.886 
-1.626 
+2.363 
+2.515 
+6.189 
+98.299 
+4.541 
+2.422 
+21.085 
+1.196 
+18.719 
-27.09 
to(h) 
-1 
+4 
-4 
-5 
-3 
-2 
-4 
-4 
-2 
+4 
-4 
+13 
tm(h) 
+2 
+6 
+1 
+1 
+3 
+4 
+3 
+1 
+1 
+6 
+2 
+45 
Am 
76 
45 
25 
25 
24 
221 
47 
45 
23 
50 
61 
92 
recovery 
C 
C 
c 
c 
c 
~c 
c 
c 
c 
c 
~c 
50% 
Table 2.4b; Various parameters and time differences from superposed epoch results: 
SIRs related discontinuity start time as epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBz(nT) 
N(N/cm )^ 
V(km/s) 
P(nPa) 
rmsN 
rmsV 
E(mv/m) 
Kp(xlO) 
Dst(Nt) 
Am+Se 
+10.005+0.421 
-0.772+0.27 
+1.315 
+2.744 
+16.128+1.294 
+501.942+8.848 
+4.983+0.336 
+2.99 
+12.238 
+0.365+0.200 
+31.821+1.377 
-26.789+2.112 
AA=Am-Ao 
+4.193 
-2.274 
+1.015 
+1.680 
+9.660 
+125.237 
+2.989 
+2.438 
+7.935 
+0.535 
+15.821 
-18.822 
to(h) 
-46 
+4 
-40 
-37 
-66 
-18 
-33 
-43 
-22 
-19 
-20 
+1 
tm(h) 
+4 
+77 
+69 
+2 
+3 
+45 
+3 
+1 
+1 
+35 
+8 
+23 
At(h) 
98 
86 
109 
106 
97 
254 
105 
84 
116 
54 
162 
103 
Recovery 
~C 
-50% 
C 
~c 
c 
50% 
c 
c 
-50% 
c 
50% 
50% 
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Fig. 2,8a: Superposed epoch analysis of geomagnetic and interplanetary 
plasma/field parameters with respect to (zero hour) start (UT) of discontinuity 
related to ICMEs 
49 
,oi.._,U, 
-72 -48 -24 0 24 4S 72 9e 120 144 168 192 216 240 264 -72 -48 -24 0 24 48 72 96 120 144 168 192 216 240 264 
Time(hr)— TimeChc)— 
Fig 2.8a: Continued 
50 
-72 48 -24 0 24 48 72 96 120 144 168 192 216 240 264 .72 48 -24 0 24 48 72 96 120 144 168 192 216 240 264 
Time(hr) _ Time(hr) ~ 
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2.3.3. Geoeffectiveness of Shocks Associated with ICMEs. 
Discontinuities observed during the passage of interplanetary disturbances 
(ICMEs/SIRs) are in general shocks associated with these structures. However, some 
of the discontinuities are not well-defined shocks either associated with ICMEs or 
SIRs. In order to see particularly the effects of shocks in producing geomagnetic 
disturbances, we have divided all the ICMEs with identified discontinuities in two 
groups; those associated with shocks and those not associated with clearly identified 
shocks. The results obtained on the basis of superposed epoch analysis for variations 
in plasma/ field parameters are shown in Fig.2.9a (discontinuities due to shocks) and 
Fig.2.9b (discontinuities not clue to shocks). As expected, enhancements in various 
plasma/ field parameters are higher due to ICMEs associated with shocks, in particular 
velocity and pressure enhancements. Similar differences in their geomagnetic response 
are also apparent in two types of ICMEs (Table. 2.5a & 2.5b). 
Table 2.5a: Various parameters and time differences from superposed epoch results: 
ICMEs related distcontinuity with shocks start time as epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBz(nT) 
N(T /^cm )^ 
V(km/s) 
P(nPa) 
rmsN 
rmsV 
E(mv/m) 
Kp(xlO) 
Dst(nT) 
Am±Se 
+ 14.829±0.568 
-l.I61±0.709 
+2.818 
+3.951 
+I2.974±0.816 
+536.094±I 1.637 
+7.187+0.573 
+3.177 
+29.336 
+1.227+0.365 
+40.936+1.613 
-25.76+3.04 
AA=Am-Ao 
+7.516 
-1.666 
+2.526 
+2.644 
+7.08 
+106.228 
+4.978 
+2.568 
+23.215 
+1.091 
+20.777 
-28.807 
to(h) 
-1 
+4 
-2 
-1 
-3 
-1 
-1 
-3 
-2 
-1 
-3 
+13 
tm(h) 
+2 
+6 
+1 
+2 
+3 
+4 
+3 
+1 
+1 
+9 
+2 
+47 
At(h) 
57 
40 
23 
21 
25 
231 
36 
44 
13 
33 
60 
92 
Recovery 
C 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
-50% 
53 
Table 2.5b; Various parameters and time differences from superposed epoch results: 
ICMEs related discontinuity without shocks start time as epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBz(nT) 
N(N/cm^) 
V(km/s) 
P(nPa) 
rmsN 
rmsV 
E(mv/m) 
Kp(x]0) 
Dst(nT) 
Am±Se 
+11.032±1.541 
-].336±1.863 
+2.029 
+3.111 
+9.057+1.479 
+499.893+25.015 
+4.641+1.331 
+2.782 
+17.214 
+0.902+1.183 
+32.071+3.507 
-29.036+3.944 
AA=Am-Ao 
+4.068 
-2.640 
+1.554 
+2.072 
+4.632 
+63.536 
+2.138 
+1,807 
+12.177 
+1.547 
+11.071 
-29.036 
to(h) 
-4 
+2 
-1 
-13 
-21 
-1 
-1 
-1 
-21 
+3 
-5 
+16 
tm(h) 
+2 
+6 
+1 
+1 
+4 
+4 
+4 
+1 
+1 
+6 
+2 
+66 
At(h) 
67 
07 
10 
39 
42 
51 
22 
8 
33 
22 
106 
85 
Recovery 
C 
~C 
c 
c 
c 
~c 
c 
c 
c 
~c 
c 
-c 
An analysis of these two groups on individual basis shows a clear difference in 
individual event's geoeffectiveness, which is not so apparently seen in the results 
plotted on the basis of superposed epoch analysis. This difference is remarkable as 
about 47% (27%+20%) of the shock associated events are responsible for medium and 
severe storms together, while only 33% (23%+ \0%) of the ICMEs not associated 
with shocks are able to produce medium and severe storms (see Fig.2.10a & b). The 
numbers of Quiet, Weak, Moderate and Severe geomagnetic disturbances in different 
years are tabulated in Tables 2.6a & b. 
Table 2.6a: Geomagnetic disturbances during years due to discontinuity with shocks 
related to ICMEs 
ICMEs 
0 
w 
M 
S 
Total 
1995 
1 
1 
2 
1 
5 
1996 
0 
0 
0 
0 
0 
1997 
0 
2 
5 
1 
8 
1998 
6 
6 
4 
I 
17 
1999 
7 
1 
4 
3 
15 
2000 
9 
1 
11 
6 
27 
2001 
8 
6 
5 
10 
29 
2002 
12 
6 
1 
3 
22 
2003 
1 
3 
6 
2 
12 
2004 
3 
5 
1 
3 
12 
total 
47 
31 
39 
30 
147 
54 
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Fig. 2.9a: Superposed epoch analysis of geomagnetic and interplanetary 
plasma/field parameters with respect to (zero hour) start (UT) of discontinuity with 
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Fig. 2.9b: Superposed epoch analysis of geomagnetic and interplanetary 
plasma/field parameters with respect to (zero hour) start (UT) of discontinuity 
without shocks related to ICMEs 
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Table 2.6b: Geomagnetic disturbances du ring years due to discontin uitv without 
shocks related to ICMEs 
ICMEs 
Q 
w 
M 
S 
Total 
1995 
1 
0 
0 
0 
1 
1996 
0 
1 
2 
0 
2 
1997 
0 
1 
2 
0 
3 
1998 
0 
1 
0 
1 
2 
1999 
0 
1 
0 
0 
1 
2000 
2 
3 
0 
0 
5 
2001 
0 
0 
] 
1 
2 
2002 
2 
1 
1 
0 
4 
2003 
1 
1 
1 
1 
4 
2004 
3 
1 
2 
0 
6 
total 
10 
10 
7 
3 
30 
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Fig. 2.10a: Distribution of Quiet, Weak, 
Moderate and Severe geomagnetic 
disturbances due to ICMEs with 
shocks associated events 
Fig. 2.10b: Distribution of Quiet, Weak, 
Moderate and Severe geomagnetic 
disturbances due to ICMEs without 
shocks associated events 
2.3.4. Geoeffectiveness of Shocks Associated with SIRs 
Discontinuities in SIRs may be identified as well defined shocks or not. Thus analysis 
of interplanetary data and geomagnetic data has been done by dividing into two 
groups, ie., those associated with shocks and those not associated with shocks. 
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Therefore, considering the time of observation of discontinuity has epoch (Zero hour) 
for the superposed epoch analysis of plasma/field data as well as geomagnetic indices, 
separate analysis has been done ibr SIR discontinuities with shock and without shocks. 
The results of these analyses are plotted in Figs. 2.1 la and b. The average parameters 
so obtained are tabulated in Tables 2.7a & b. The geomagnetic response to SIR with 
shock is sudden on arrival with storm sudden commentment (SSC) also observed on 
its arrival. On the other hand, the geomagnetic activity starts increasing on the arrival 
of discontinuity without associated shock but, in this case, it enhances relatively 
slowly, reaches a maximum value and then starts recovering slowly; recovery is not 
complete even after 10 days. 
Table 2Ja\ Various parameters and time differences from superposed epoch results: 
SIRs related discontinuity with shock start time as epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBz(nT) 
N(N/cm^) 
V(km/s) 
P(nPa) 
rmsN 
rmsV 
E(mv/m) 
Kp(xlO) 
Dst(nT) 
Am±Se 
+10.518 ±0.502 
-1.188 ±0.576 
+1.457 
+3.07 
+17.735+1.675 
+496.393+10.587 
+5.424+0.448 
+3.365 
+12.614 
+0.581 ±0.299 
+33.583+1.618 
-26.488+3.236 
AA=Am-Ao 
+4.502 
-2.249 
+1.205 
+2.08 
+11.12 
+121.607 
+3.564 
+2.606 
+8.495 
+0.988 
,+18.095 
-22.571 
to(h) 
-31 
-18 
-40 
-33 
-48 
-19 
-34 
-5 
-23 
-17 
-20 
+3 
lm(h) 
+6 
+8 
+1 
+6 
+3 
+41 
+3 
+1 
+1 
+5 
+8 
+15 
At(h) 
84 
37 
81 
70 
82 
164 
128 
37 
142 
55 
159 
117 
recovery 
C 
~C 
~C 
~C 
C 
-50% 
C 
c 
~c 
~c 
~c 
50% 
Table 2.7b\ Various parameters and time differences from superposed epoch results: 
SIRs related discontinuity without shocks start time as epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBz(nT) 
NO^/cm') 
V(km/s) 
Am±Se 
+9.115+0.649 
-1.476+0.517 
+1.01 
+2.597 
+12.669+1.816 
+516.417+17.074 
AA=Am-Ao 
+3.928 
-2.746 
+0.751 
+1.592 
+6.432 
+136.084 
to(h) 
-50 
+3 
-54 
-37 
-72 
-18 
im(h) 
+4 
+76 
+1 
+1 
+3 
+45 
At(h) 
119 
138 
100 
117 
84 
262 
recovery 
~C 
~C 
~C 
~C 
C 
50% 
60 
P(nPa) 
rmsN 
rmsV 
E(mv/m) 
Kp(xlO) 
Dst(nT) 
+4.032±0.406 
+2.192 
+11.41 
+0.714+0.253 
+31.487+2.072 
-24.282+3.28 
+2.283 
+1.627 
+7.487 
+1.266 
+18.154 
-18.385 
-52 
-43 
-16 
+3 
-54 
-11 
+3 
+1 
+20 
+76 
+14 
+71 
117 
70 
103 
104 
286 
93 
~C 
C 
~c 
~c 
~c 
~c 
An analysis of the geoeffectiveness of Individual SIR events, with and without 
shocks, shows a clear difference in the geoeffectiveness of shock associated SIRs and 
those not associated with shocks (see Tables. 2.8a & b and figs. 2.12a & b). About 
57% of the shock related SIRs produce medium and severe storms while only 33% of 
SIRs not associated with shocks are so geoeffective. 
Table 2.8a: Geomagnetic disturbances during years due to discontinuity with shocks 
related to SIRs 
SIRs 
Q 
w 
M 
S 
Total 
1995 
3 
2 
4 
1 
10 
1996 
5 
1 
0 
0 
6 
1997 
1 
3 
6 
1 
11 
1998 
1 
3 
8 
1 
13 
1999 
0 
3 
8 
2 
13 
2000 
0 
3 
2 
0 
5 
2001 
3 
2 
7 
0 
12 
2002 
1 
4 
1 
3 
9 
2003 
0 
1 
1 
1 
3 
2004 
0 
0 
2 
0 
2 
total 
14 
22 
39 
9 
84 
Table 2.8b: Geomagnetic disturbances during years due to discontinuities without 
shocks related to SIRs 
SIRs 
Q 
w 
M 
S 
Total 
1995 
2 
3 
2 
1 
8 
1996 
3 
4 
0 
0 
7 
1997 
2 
1 
0 
0 
3 
1998 
0 
1 
0 
0 
1 
1999 
0 
1 
0 
0 
1 
2000 
0 
2 
1 
0 
3 
2001 
1 
1 
1 
0 
3 
2002 
1 
0 
2 
1 
4 
2003 
0 
3 
4 
0 
7 
2004 
I 
0 
1 
0 
2 
total 
10 
16 
11 
2 
39 
61 
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Fig. 2.11a: Superposed epoch analysis of geomagnetic and interplanetary 
plasma/field parameters with respect to (zero hour) start (UT) of discontinuities 
with shocks related to SIRs 
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Fig. 2.11b: Superposed epoch analysis of geomagnetic and interplanetary 
plasma/field parameters with respect to (zero hour) start (UT) of discontinuities 
without shocks related to SIRs 
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Fig 2.12a: Distribution of Quiet, Weak, 
Moderate and Severe geomagnetic 
disturbances due to SIRs with 
shocks associated events 
Fig 2.12b: Distribution of Quiet, Weak, 
Moderate and Severe geomagnetic 
disturbances due to SIRs without 
shocks associated events 
2.3.5, Shock Associated ICMEs with Magnetic Clouds-like Structures 
and their Effects in Geospace. 
Magnetic clouds are a subset of ICMEs with a high magnetic field, rotating from 
southward to northward or northward to southward. These entities have been 
identified in interplanetary plasma and field data (Burlaga et al., 1981, Klein and 
Burlaga, 1982, Zhang et al., 2004, Lepping and Berdichevsky, 2006; Gopalswamy et 
al., 2008). These special subsets of ICMEs (called interplanetary magnetic clouds, 
IMCs) have been found to be effective in modulating cosmic rays (Badruddin et al., 
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1986, Singh and Badruddin., 2007) as well as in producing geomagnetic disturbances 
(eg., Zhang et al., 2004; Badruddin and Singh, 2009). However, their effectiveness is 
likely to be different for IMC associated with shocks and those not associated with 
shocks. We have divided the IMCs into two classes based on the criteria if they are 
associated with shocks or not. Then we have performed superposed epoch analysis of 
plasma or field data as well as geomagnetic data, with respect to IMCs associated with 
shocks and those not associated with any shock structure. In addition to difference in 
plasma and field parameters, we observe that the IMCs associated with shocks are 
much more effective than those not associated with shocks. Moreover, the response in 
magnetosphere is delayed from the arrival of the disturbance associated with shock-
associated IMCs, probably starting on the arrival of IMC itself (also see tables 2.9a, 
and b and figs. 2.13a and b). 
Table 2.9a; Various parameters and time differences from superposed epoch results: 
ICMEs with shocks related disturbances with MC (i.e., C+R=Y,1,2,3) start time as 
epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBz(nT) 
N(N/cm )^ 
V(km/s) 
P(nPa) 
rmsN 
rmsV 
E(mv/m) 
Kp(xlO) 
Dst(nT) 
Am±Se 
+15.4I9±0.994. 
-3.478±1.0I7 
+3021 
+4.533 
+14.034+1.489 
+522.241+21.701 
+7.161+0.954 
+3.843 
+26.326 
+2.977+1.041 
+44.822+2.421 
-30.466+7.828 
AA=Am-Ao 
+8.403 
-4.087 
+2.719 
+3.526 
+7.998 
+110.68 
+4.868 
+3.225 
+20.397 
+3.126 
+28.588 
-38.432 
-to(h) 
-1 
-23 
-4 
-19 
-18 
-3 
-4 
-4 
-2 
-23 
-24 
+12 
tm(h) 
+2 
+7 
+1 
+1 
+5 
+9 
+5 
+1 
+1 
+5 
+3 
+38 
At(h) 
67 
53 
26 
41 
57 
140 
44 
59 
19 
50 
83 
128 
recovery 
C 
C 
c 
~c 
c 
~c 
c 
c 
c 
c 
c 
50% 
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Fig. 2.13a: Superposed epoch analysis of geomagnetic and interplanetary 
plasma/field parameters with respect to (zero hour) start (UT) of discontinuities 
with shocks with MC related to ICMEs 
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Fig. 2.13b: Superposed epoch analysis of geomagnetic and interplanetary 
plasma/field parameters with respect to (zero hour) start (UT) of discontinuities 
without shocks with MC related to ICMEs 
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Table 2.9b; Various parameters and time differences from superposed epoch results: 
ICMEs witliout shoclts related disturbances with MC (i.e., C+R=Y,1.2,3 ) start time 
as epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBzCNt) 
N(N/cm') 
V(km/s) 
P(nPa) 
rmsN 
rmsV 
E(mv/m) 
Kp(xlO) 
Dst(nT) 
Am±Se 
+11.3±1.212 
-0.977±2.178 
+1.323 
+2.554 
+14.346+4.134 
+445.769+21.562 
+4.17+0.474 
+3.777 
+13.000 
+0.468+0.93 
+33.923+5.828 
-28.923+10.198 
AA=Am-Ao 
+6.046 
-2.777 
0.761 
1.462 
9.938 
32.154 
+2.686 
+3.269 
+9.769 
+1.026 
+ 16.308 
-22.692 
to(h) 
-3 
+3 
-1 
-1 
-24 
0 
-21 
-11 
-5 
+3 
-5 
+1 
tm(h) 
+6 
+7 
+1 
+3 
-1 
+3 
-1 
+1 
+1 
+7 
+6 
+9 
At(h) 
87 
11 
7 
10 
108 
25 
106 
60 
31 
11 
21 
14 
recovery 
C 
~C 
C 
C 
~C 
C 
~C 
C 
c 
c 
c 
c 
2.3.6. Passage of SIRs with/without CIRs and their Response in 
Geomagnetic Activity. 
Interaction between high speed streams from coronal holes and slow solar wind form 
SIRs. However long-lasting corotating interaction regions (CIRs) are not always 
formed during passage of SIRs. The CIRs and associated high speed streams have 
been studied in the past for their geo-effectiveness (Richardson et al., 2006). With the 
aim to study the importance of the presence of CIRs during the passage of SIR, we 
have divided SIRs into two classes on the basis of the presence of CIR or not. Then 
superposed epoch analysis of data is performed, with reference to SIR disturbances, 
separately for those accompanied by CIRs and those not associate with CIR (Fig.2.14a 
and b). We observe a distinct difference in geoeffectiveness; CIR associated SIRs are 
much more geoeffective than those not accompanied by CIRs (see Table. 2.10a & b). 
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Fig. 2.14a: Superposed epoch analysis of geomagnetic and interplanetary 
plasma/field parameters with respect to (zero hour) start (UT) of disturbances with 
CIRs related to SIRs 
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Fig. 2.14b: Superposed epoch analysis of geomagnetic and interplanetary 
plasma/field parameters with respect to (zero hour) start (UT) of disturbances 
without CIRs related to SIRs 
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Table 2.10a; Various parameters and time differences from superposed epoch 
results: SIRs with CIR related disturbances start time as epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBz(nT) 
N(N/cm^) 
V(km/s) 
P(nPa) 
rmsN 
rmsV 
E(mv/m) 
Kp(x]0) 
Dst(nT) 
Am±Se 
+10.815 ±0.281 
-0.685 ±0.36 
+2.863 
+0.931 
+15.687+0.715 
+549.321 ±6.503 
+4.674+0.196 
+2.313 
+12.026 
+0.325+0.142 
+34.455 ±0.926 
-25.057 ±1.297 
AA=Am-Ao 
+4.894 
-1.068 
+1.788 
+0.63 
+9.589 
+180.746 
+2.889 
+1.721 
+7.808 
+0.466 
+19.012 
-20.67 
to(h) 
-4 
-25 
-6 
-10 
-60 
0 
-21 
-18 
-1 
-18 
-3 
+3 
tm(h) 
+15 
+8 
+12 
+6 
+6 
+39 
+8 
+6 
+28 
+5 
+24 
+42 
At(h) 
65 
43 
105 
59 
90 
262 
98 
51 
253 
35 
263 
131 
recovery 
C 
C 
~c 
c 
c 
~c 
c 
c 
~c 
c 
~c 
~c 
A study based on individual event's geoeffectiveness, shows the difference in 
geoeffectiveness of CIR- related SIR and those not associated with CIRs more clearly 
(see Table. 2.11a, band Fig, 2.15a &b). 
Table 2.10b , Various parameters and time differences from super posed epoch 
results: SIRs without CIRs related disturbances start time as epoch 
Parameter 
B(nT) 
Bz(nT) 
rmsB(nT) 
rmsBz(nT) 
N(N/cm') 
V(km/s) 
P(nPa) 
rmsN 
rmsV 
E(mv/m) 
Kp(xlO) 
Dst(nT) 
Am±Se 
+9.032 ±0.225 
-0.625 ±0.267 
+0.759 
+2.287 
+14.313+0.691 
+446.037+6.287 
+3.725+0.182 
+1,803 
+7.858 
+0.286+0.124 
+26.336+1.026 
-18.247+1.534 
AA=Am-Ao 
+3.789 
-1.309 
+0.496 
+1.345 
+8.371 
+82.886 
+1.869 
+1.171 
+4.213 
+0.542 
+12.673 
-17.422 
to(h) 
-3 
+13 
-2 
-3 
-44 
0 
-3 
-2 
-4 
+13 
-3 
+4 
tm(h) 
+15 
+27 
+9 
+10 
+6 
+30 
+6 
+6 
+30 
+25 
+11 
+26 
At(h) 
58 
19 
54 
114 
93 
124 
56 
35 
116 
19 
124 
103 
recovery 
~C 
~C 
~c 
~c 
c 
No recovery 
~C 
C 
-50% 
~C 
50% 
-50% 
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Table 2.11a: Geomagnetic disturbances during years due to disturbances with CIRs 
related to SIRs 
SIRS 
Q 
w 
M 
S 
TotaSl 
1995 
8 
4 
6 
2 
20 
1996 
6 
7 
3 
1 
17 
1997 
4 
3 
7 
1 
15 
1998 
4 
5 
8 
1 
18 
1999 
2 
7 
12 
2 
23 
2000 
3 
6 
6 
3 
18 
2001 
5 
7 
6 
0 
18 
2002 
2 
9 
6 
3 
20 
2003 
2 
11 
10 
0 
23 
2004 
7 
6 
7 
2 
22 
total 
43 
65 
71 
15 
194 
Table 2.11b: Geomagnetic disturbances during years due to disturbances without 
CIRs related to SIRs 
SIRS 
Q 
w 
M 
S 
Total 
1995 
5 
4 
4 
1 
14 
1996 
13 
4 
0 
0 
17 
1997 
11 
9 
I 
0 
21 
1998 
3 
5 
6 
1 
15 
1999 
5 
2 
6 
0 
13 
2000 
5 
4 
4 
1 
14 
2001 
2 
7 
5 
0 
14 
2002 
6 
7 
3 
5 
21 
2003 
3 
7 
6 
2 
18 
2004 
7 
8 
4 
0 
19 
Total 
60 
57 
39 
10 
166 
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Fig.2.15a: Frequency of geomagnetic Fig.2.15b: Frequency of geomagnetic 
disturbances related to SIRs with CIR disturbances related to SIRs without CIR 
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A grouping of these individual event's geoeffectiveness into four groups 
(Quiet, Weak, Moderate and Severe), plotted in Fig. 2.16a & b, shows that severe and 
moderate stream together comprise 45% of total CIR associated events, while it is 
only 27% in case of SIR events not associated with CIRs. 
A correlation analysis of the geoeffectiveness (Dst) for these two sets of SIRs, 
with different set of solar and interplanetary parameters are tabulated in tables 2.12a & 
b. The best correlation is obtained with (-Bz) and/or for down-dusk electric field E 
(see figs. 2.17a & b). 
S/^wiiQR 
nJ-icoir<at<shT 
71(37"/^ 
15(7.7°/^ 
43(22'/5 
S/^viticUOR 
57(343P,^ 
r~l-i(Qir<c^<syiT 
Wm/m \^39(23>£P/9 
6D(3ai°/^  
Fig. 2.16a: Distribution of Quiet, Weak, Fig. 2.16b: Distribution of Quiet, Weali, 
Moderate and Severe geomagnetic Moderate and Severe geomagnetic 
disturbances due to SIRs with CIR disturbances due to SIRs without CIR 
associated events associated events 
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Table 2.12a: Correlation-coefficients between Dst and various parameters 
amplitudes for due to SIRs with CIR related disturbances 
SIRS 
Bzmin 
B max 
AP 
Pmax 
Vmax 
AV 
Ey max 
N max 
Correlation 
coefficient with Dst (nT) 
r 
+0.68213 
-0.35521 
-0.34628 
-0.32103 
-0.00606 
+0.04577 
-0.72514 
-0.14354 
N 
151 
151 
65 
151 
151 
151 
150 
148 
Table 2.12b: Correlation-coefficients between Dst and various parameters 
amplitudes for due to SIRs without CIR related disturbances 
SIRs 
Bzmin 
B max 
AP 
Pmax 
V max 
AV 
Ey max 
Nmax 
Correlation 
coefficient with Dst (nT) 
r 
+0.76695 
-0.57423 
-0.59079 
-0.49981 
-0.22577 
-0.22656 
-0.62018 
-0.23344 
N 
106 
106 
33 
106 
106 
106 
106 
104 
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Fig. 2.17a: Correlation plots of 
geomagnetic activity (Dst min) with 
southward field (-Bz min) and dawn 
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Fig.2.17b: Correlation plots of 
geomagnetic activity (Dst min) with 
southward field (-Bz min)and dawn 
-dusk electric field (Ey max) for ICME 
without CIR related disturbances 
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Conclusions 
Based on superposed epoch and correlation analysis as well as statistical study of 
interplanetary plasma/field parameters and geomagnetic activity parameters, in 
relation to ICME and SIR associated structures and their various features, we arrive at 
following conclusions: 
• Solar wind velocity enhancement due to ICMEs is sudden while it increases 
relatively slowly to reach its maximum in case of SIRs. 
• The southward magnetic field due to ICMEs extends to several hours while it 
is more fluctuating and extends for longer duration in case of SIR. 
• ICMEs are more geoeffective (as measured by -Dst amplitude) than SIR. 
However SIRs associated geomagnetic disturbances extend for longer duration 
than ICMEs. 
• CME-associated large geomagnetic disturbances are more during solar activity 
maximum (2000, 2001), while their number is comparatively more during 
declining periods of solar cycle (2002, 2003), for SIR-associated events. 
• On an average, the geomagnetic disturbances due SIR-associated disturbances 
start at its arrival while the geomagnetic disturbance starts after about 12 hours 
of disturbances observed in ICME-related structures. 
• ICMEs as well as SIRs, when associated with shocks, are much more 
geoeffective than without shocks. 
• Magnetic clouds, whether associated or not associated with shocks are 
geoeffective; however, association with shocks enhances their 
geoeffectiveness. 
• SIRs, when evolved in CIRs, becomes much more geoeffective than SIRs in 
the absence of CIRs. 
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• For almost all type of structures, the amplitude of interplanetary parameter (-
Bz) and/or Ey (-BzxV) in best correlated with geomagnetic parameters (-Dst) 
amplitude. 
The primary energy source of the geomagnetic phenomena is the Sun which 
transfers energy to the earth's magnetosphere by means of streams of solar wind. 
The magnetosphere is usually closed for solar wind and energy from solar wind is 
injected into the magnetosphere only in a case when interplanetary magnetic field 
has a significant component parallel to the terrestrial magnetic dipole i.e., 
approximately negative (southward) interplanetary Bz component (e.g., Russel and 
McPherron, 1973). In a case when rate of energy input is higher than rate of its 
quasi-stationary dissipation, energy collects in the magnetosphere. When its 
amount reaches and exceeds some certain level, any small disturbance outside or 
inside magnetosphere can result in release of its energy (so-called "trigger" 
mechanism) as reconnection of magnetic field, globe reorganization of current 
systems of magnetosphere and heating/acceleration of plasma i.e., generate a 
magnetospheric disturbance (Yermoleav et al., 2005). 
Quasi-stationary solar wind usually does not contain long intervals of 
southward interplanetary magnetic field component since the field basically lies in 
the ecliptic plane. However, sometimes the large-scale disturbances propagate in 
the solar wind, such as interplanetary shocks, ICMEs/IMCs, SIRs/CIRs and some 
other ones which contain inside itself and/or modify an environment in such a 
manner that appreciable southward Bz (i.e., -Bz) component can be present in the 
solar wind within several hours. Such behavior of interplanetary field can result in 
energy input into the magnetosphere and in the generation of magnetospheric 
disturbances (Gosling and Pizzo, 1999; Crooker, 2000). In this way the magnetic 
reconnection mechanism consists of merging of oppositely directed magnetic field 
lines, with the net result being the conversion of magnetic energy in heating and 
acceleration of plasma. The change in magnetic reconnection or topology is a 
profound effect, allowing previously unconnected regions to exchange plasma and 
mass/momentum/energy. In the case of earth's magnetosphere, the dayside 
geomagnetic field is northward directed, so magnefic reconnection is more 
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effective when the interplanetary magnetic field is southward directed (Dungey, 
1961; Echeretal., 2008). 
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